In this study, we describe a novel application for light scattering, a method widely used for separation of molecules in solution based on their size. We demonstrate that light scattering analysis can monitor the change in particle size of protein 4.1R prior to and after binding to red blood cell inside-out-vesicles in solution. Light scattering constitutes therefore a novel tool to analyze protein-binding association constants.
Introduction
Membrane skeletal proteins play important roles, not only in maintenance of membrane structure, but also in transduction of signals originating either inside the cell or in the extracellular milieu. 1 These functions rely on the proper organization of sophisticated membrane protein complexes. Thus, membrane skeletal proteins are anchored to the plasma membrane through interactions with transmembrane proteins. Such interactions have been extensively studied and characterized in human erythrocytes. 1 Protein 4.1R is a key membrane skeletal protein in human erythrocytes, where it is expressed as an 80-kDa isoform (4.1R 80 ). 4.1R 80 is comprised of four major chymotryptic domains: an N-terminal 30-kDa domain, also known as a "FERM" domain; a 16-kDa domain; a 10-kDa domain; and a C-terminal 24-kDa domain. 2, 3 The N-terminal domain, which consists of 279 amino acid residues, will be the focus of our study. We will refer to it as "R30" in the following. R30 binds to various transmembrane proteins, including band 3 4 and glycophorin C (GPC). 5, 6 The 10-kDa domain of 4.1R 80 binds to spectrin and actin filaments. 2, 3 Through these multiple interactions, 4.1R 80 participates in the control of the mechanical stability of human erythrocytes.
We and others have extensively used erythrocyte plasma membranes stripped of their membrane skeletal proteins, referred to as inside-out-vesicles (IOVs), to analyze in vitro the characteristics of membrane skeletal protein interactions with transmembrane proteins. [7] [8] [9] [10] Until now, the measurements of protein binding affinity have been relying on binding assays using radioisotope-labeled proteins, 7 or on the assessment of protein complex formation through a combination of sedimentation assays and immuno-blot analysis. [8] [9] [10] Although the binding analysis of radiolabeled proteins provides quantitative information, these methods are cumbersome, they involve the handling of hazardous reagents, and they cannot be used to measure binding affinity in real time. Immuno-blot analysis is also limited, this second type of experiments providing only semi-quantitative affinity measurements at equilibrium.
Dynamic light scattering (DLS) is widely used for separating particles in solution, such as liposomes, based on their size. 11 Recently, we have applied DLS to the measurement of the hydrodynamic diameter of proteins. 12 We have also been successful in measuring changes in the hydrodynamic diameter of the calmodulin and 4.1R FERM domain in solution as a function of temperature. 12 Static light scattering (SLS) is also widely used for preparing solutions of molecules with well-defined molecular weights calculated based on the use of specific calculation plots, such as Zimm-Berry plots or Debye plots. 13, 14 SLS has also proven to be useful for analyzing particle aggregation in solution.
Since we and others have shown that R30 can bind to several membrane proteins, such as GPC and band 3, [1] [2] [3] we hypothesized that such a scaffolding protein would induce aggregation of IOVs and that measurement of protein aggregation in solution could be correlated to the binding constant of R30 in solution. We validated this hypothesis by measuring successfully R30 binding to IOVs by SLS. Our results show that SLS can be used to evaluate changes in size of particles in solution in real time.
Experimental

Preparation of R30 and IOVs and binding assays
Recombinant R30 was expressed as a glutathion-S-transferase (GST) fusion protein. After enzymatic removal of the GST tag, R30 was further purified on heparin-Sepharose and Sephacryl S-100 as previously described. 15 Concentration of R30 (1.2 μM) was determined by absorption measurement at A280. 15 Fresh human erythrocytes were collected from healthy adult male volunteers at Tokyo Women's Medical University after obtaining informed consent. IOVs depleted of all peripheral proteins by treatment with a pH 11 solution were prepared as described in our previous report and based on the original method by Danilov et al. 7, 8, 16 The concentration of IOVs (5.5 mg/ml) was determined by Bradford assay using a commercial kit (Pierce, USA). The IOVs was further treated with pH 11 solution to remove any membrane proteins. 9.10 Complete extraction of 4.1R from IOVs was confirmed by immuno-blot analysis using a 4.1R-specific antibody.
Light scattering measurements
Light scattering measurements of IOV in the presence or absence of R30 were captured on a Zetasizer Nano ZS (Malvern Instruments Co., UK). Intensities of light scattering (kcps) were monitored over 450 s at each concentration of R30 after a 60-s incubation. Particle sizes of IOVs before and after obtaining R30 were determined by DLS measurements at 25 C in 50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1 mM EDTA and 1 mM 2-mercaptoethanol (Buffer A). SLS measurement to IOVs was carried out at the same conditions as used for DLS measurement. Operation of the SLS instrument has been previously described. 12 
Sedimentation assays
Sedimentation assays were performed as previously described. 8, 9 Briefly, 100 μg of IOVs were incubated with various concentrations of R30 in Buffer A for 10 min. The mixture was loaded onto a 2.5% sucrose solution in Buffer A and centrifuged at 60000 rpm (Optima TLX, TLA100.1 rotor, Beckman Coulter, USA) at 4 C for 10 min. The pellet was dissolved in 100 μl of sample buffer (dithiothreitol, 4% SDS and 20% glycerol in 0.12 M Tris-HCl, pH 6.8), denatured at 100 C for 5 min and separated by SDS-PAGE.
After separation of proteins by SDS-PAGE on a 15% gel, proteins were electroblotted onto a nitrocellulose membrane (Trans-Blot ® , Bio-Rad Laboratories, USA). Immunoblots were probed first with a rabbit R30-specific antibody, then with a secondary antibody coupled to horseradish peroxidase (DAKO Co. Ltd., Denmark). Both antibodies were diluted 1/2000 in 50 mM Tris-HCl, pH 7.5, 0.2 M NaCl, 0.2% skim milk incubated for 30 min at 25 C. Immunoreactive bands were visualized with ECL TM reagent (GE Healthcare Japan, Japan). The photometric density of immuno-staining was analyzed with an EDAS290 (Kodak, USA).
Results and Discussion
SLS analysis of R30 binding to IOVs
The scattering intensity increased rapidly upon addition of R30 into a cuvette containing IOVs in solution and reached a maximum value after ~10 -15 s (Fig. 1) . The maximal scattering intensity varied depending on the concentration of R30. No changes in scattering intensity were observed over the first 60 s in the absence of R30. The scattering intensity (at 100 s) as a function of R30 concentration is shown (Fig. 1B) . The IC50 was estimated as 0.31 μM (Fig. 1B) . Denatured R30 (treatment with 100 C for 10 min) did not react with IOVs (data not shown). Protein structure and function are intimately related. In that respect, protein-binding measurements obtained by light scattering analysis are ideal as they preserve the best protein structure in the course of the experiment.
Binding analysis of R30 binding to IOVs by immunoblotting
We confirmed R30 binding to IOVs by a combination of sedimentation assays and immunoblotting. The maximal binding ratio of R30 to IOVs was ~2.5/au and half maximal binding was reached at ~0.15 μM of R30 (Fig. 2) . R30 (0.56 μM) without IOV did not sediment in this condition (data not shown). These results were consistent with those obtained by SLS and DLS measurements. The Z-average of IOVs in the absence of R30 was 95 nm and this value increased to 120 nm after addition of R30 in solution (data not shown). It has been well established that the hydrodynamic diameter measured by DLS is related to the molecular weight of the complex and that the molecular weight is related to scattering intensity; hence, we expected that the observed increase in scattering intensity would reflect an increase in the molecular weight as the result of the formation of an IOVs-R30 complex. We attributed the slight decrease in scattering intensity observed just after injection of R30 to the precipitation of some complex particles and, as a consequence, to a decrease in the number of particles in solution.
The results are also consistent with our previous in vitro binding data using the IAsys biosensor system that showed that the R30 binding affinity for GPC and band 3 was in the submicro-molar range. 6, 17 The slight difference in binding affinity between SLS and sedimentation assays likely results from differences in measurement sensitivity, sedimentation assays being less quantitative than other assays, such as SLS.
Conclusion
In the present study, we have shown that SLS is a useful tool to measure membrane protein, such as 4.1R, binding to IOVs. IOVs represent a much more physiological cellular component as transmembrane proteins probed in the context of the lipid bilayer and therefore more likely to be kept in a more native structure. This SLS-based strategy is best suited for the study of scaffold proteins with multiple binding partners, sedimentation or immuno-precipitation assays being more adequate for protein-protein interaction occurring at a 1:1 ratio. The red blood cell membrane contains a large number of transmembrane proteins and signal transduction related proteins that are also expressed in nucleated cells. Based upon the exciting data obtained here for interactions between protein 4.1R and IOVs, we are currently extending the use of SLS to the study of other protein complexes.
